The objectives of this study were to investigate the potential roles of cortisol and gonadal steroids in the phagocytic activity of peripheral blood leukocytes in two teleosts, tilapia (Oreochromis niloticus ؋ O. aureus) and common carp (Cyprinus carpio). An in vitro microtiter plate assay, measuring incorporation of FITC-latex beads into peripheral blood leukocytes, was developed for the first time in teleosts. Peripheral blood leukocytes were cultured in AL medium with tested compounds in a microfluor black plate at 25°C. FITC-latex beads were further incubated for phagocytosis and engulfed fluorescent intensity in phagocytes was detected fluorometrically. 
INTRODUCTION
The interaction of the endocrine and immune systems is an important regulatory process in vertebrates. The development of the immune system and immunostimulation is likely to be dependent on growth hormone and prolactin in mammals (Blalock, 1994; Berczi, 1997; Clark, 1997) and fish (Calduch-Giner et al., 1995; Balm, 1997; Yada et al., 1999) . Thyroid hor-mones stimulated phagocytosis activity in masu salmon, Oncorhynchus masou (Nagal et al., 1994) . Suppression of the immune system by glucocorticoids has been shown in mammals (Goulding and Flower, 1997) and fish (Balm, 1997) . Thus, the effects of growth hormone/prolactin and of glucocorticoids on immune and inflammatory reactions are antagonistic in nature. Stress via cortisol could inhibit the leukocyte function in the specific and/or nonspecific immunity (T and B lymphocytes, natural killer cells, macrophages, and neutrophils) in mammals (Gouding and Flower, 1997) . However, cortisol may also stimulate monocyte phagocytosis mediated by the ␤-glucan receptor in human (Kay and Czop, 1994) and increase phagocytosis of neutrophils in bovine milk (Fox and Heald, 1981) . Cortisol effects on the immunity of fish include a decreased number of blood leukocytes and antibody in vivo in Atlantic salmon, Salmo salar (Ellis, 1981; Mazur and Iwama, 1993) , a decreased number of lymphocytes and increased susceptibility to infection in brown trout, Salmo trutta in vivo (Pickering and Duston, 1983; Pickering, 1984) , decreased phagocytosis in the macrophage of spleen and anterior kidney in rainbow trout, O. mykiss in vivo (Narnaware et al., 1994) , inhibition of neutrophil apoptosis in common carp, Cyprinus carpio in vitro , decreased numbers and mitogenic activities of blood lymphocytes but increased neutrophils in channel catfish, Ictalurus punctatus in vitro (Ellsaesser and Clem, 1987) , and a reduced mitogenic activity of blood lymphocytes in Atlantic salmon, S. salar, in vitro (Espelid et al., 1996) . Dexamethasone but not cortisol significantly depressed macrophage phagocytosis in vitro in the anterior kidney and spleen of rainbow trout, O. mykiss (Narnaware et al., 1994) . Cortisol even could have permissive, suppressive, or stimulatory actions in various animals (Sapolsky et al., 2000) .
There are few consistent data on the effects of sex steroids on the immune system (Grossman, 1985; Balm, 1997) . The phagocytosis of leukocytes was increased but the numbers of blood lymphocyte and monocytes were reduced by estradiol treatment in the sow (Magnusson and Einarsson, 1990) . Estradiol inhibited cell-mediated immunity and phagocytosis in porcine leukocytes (Magnusson, 1991; Josefsson et al., 1992) . Estradiol also suppressed phagocytosis in the macrophage cell line of goldfish (Wang and Belosevic, 1995) . Testosterone inhibited macrophage phagocytosis in chicken (Al-Afaleq and Homeida, 1998) and killed leukocytes in the anterior kidney of chinook salmon, O. tshawaytscha (Slater and Schreck, 1997) . Progesterone but not estradiol significantly reduced neutrophil function in steers (Roth et al., 1982) and suppressed cell-mediated immunity in hamster (Kincl and Ciaccio, 1980) .
Phagocytosis is an important process in the nonspecific immune system. Macrophages and neutrophils are the main cells responsible for phagocytosis. Leukocytes collected from anterior kidney or spleen are often used for the in vitro study of phagocytosis (Narnaware et al., 1994; Narnaware and Baker, 1996; Calduch-Giner et al., 1997; Narnaware et al., 1997; Mondal and Rai, 1999) . The circulatory system contains large numbers of phagocytic cells, such as hemocytes in invertebrates and macrophages/neutrophils in vertebrates, and they have been used to obtain reproducible, quantitative, and nonsubjective phagocytosis data via a microtiter plate assay. This system provides a valuable tool for further investigating the interaction between the endocrine and immune systems. The present objectives were to investigate the potential roles of cortisol and gonadal steroids on the phagocytosis activity of peripheral blood leukocytes in a microtiter plate assay in two teleost species, tilapia and common carp.
MATERIALS AND METHODS

Fish
Male tilapia (Oreochromis niloticus ϫ O. aureus, average body weight 920 Ϯ 161 g, body length 54 Ϯ 8 cm) and common carp (C. carpio, average body weight 575 Ϯ 100 g, body length 33.0 Ϯ 1.5 cm) were purchased from the fish market. The fish were kept in a freshwater system for more than 1 month before study.
from the methods of Miller et al. (1994) . Blood was mixed with AL medium (AIM-V medium and Leibovitz's L 15 medium w/l-glutamine, w/o NaHCO 3 , GIBCO, 1/1, v/v) (1/3, v/v) and streptomycin and gentamicine. Lymphoprep (density, 1.077, Nycomed Pharma As, Norway) (4/3, v/v) was added to mixed blood solution and then it was centrifuged at 350g for 20 min (10°C). The leukocytes were obtained from the interface and washed with AL medium. After centrifugation (600g for 10 min, 10°C), the leukocytes were suspended in AL medium containing 5.5 mM glucose. The viability and number of leukocytes were counted by adding trypan blue with a hematocytometer.
The Analysis of Leukocyte Phagocytosis by a Microtiter Plate Assay
The methods were modified from the procedures of Anderson and Mora (1995) . About 1.5 ϫ 10 5 leukocytes in 50 l AL medium with glucose were added in a microfluor black plate (Nunc-Immuno Modules, Roskilde, Denmark) in the presence or the absence of test compounds, and it was then incubated for several hours (4 h in tilapia, 8 h in common carp) at 25°C in air. After incubation at 25°C, 50 l of FITC-latex beads (0.105 m, Sigma) in 0.02 M phosphate-buffered saline solution (pH 7.0, Sigma) and 50 l of trypan blue quenching buffer (trypan blue in citrate buffer, pH 4.5, Sigma) were added and incubated at 25°C. The fluorescence remaining in the cultured medium was blocked by the trypan blue quenching buffer. The fluorescent intensity of the engulfed cells was measured by a MFX Microtiter Plate Fluorometer (Dynex, U.S.A.). The phagocytosis index was 100% in the control and the relative phagocytosis index in the treated group was calculated. The tested compounds (Sigma) were as follows: cortisol, cortisone, aldosterone, dexamethasone, testosterone, 11-ketotestosterone, progesterone, estradiol, estrone, ethynylestradiol, and triiodothyronine. Actinomycin D and cycloheximide (Sigma) were also used to test the blocking of the suppressive effects of steroids.
To obtain optimal experimental conditions, experimental conditions such as different ratios of latex beads per leukocyte (2, 3, 4, 5, and 6 ϫ 10 4 beads/cell), the incubation time (from 5 to 180 min) of FITC-latex beads and leukocytes, and the quenching time (from 2 to 30 min) of trypan blue quenching buffer in the mixture of latex beads/leukocytes were assessed, respectively. The optimal condition for the experiment was as follows: 5 ϫ 10 4 latex beads/leukocyte, 40 min incubation between latex beads and leukocytes, and 10 min quenching with a trypan blue quenching buffer.
Statistical Analysis
One-way analysis of variance followed by Duncan's multiple range test was conducted to test the significant difference (P Ͻ 0.05) (Steel and Torrie, 1980) . Results are given as a mean Ϯ standard error of the mean (SEM).
RESULTS
Phagocytosis in Tilapia: Dose and Time Dependency of the Suppressive Effect of Cortisol
Tilapia macrophage-engulfed FITC-latex beads appeared fluorescent green under fluorescent field microscopy ( Fig. 1 ). Leukocyte viability, before and after the treatment with a tested compound, was more than 95% and not different. Various final concentrations (0, 0.01 pM, 1 pM, 0.1 nM, 10 nM, 1 M, and 0.1 mM) of cortisol were incubated with tilapia leukocytes for 0.5, 1, 2, 4, 6, and 8 h, respectively. The dose-dependent response and time course of the phagocytosis effects of cortisol are shown in the Fig. 2 . Incubations for as little as 2 h with a high dose of 1 M cortisol or for 8 h with a low dose of 1 pM cortisol could significantly suppress phagocytosis. The maximal suppression of phagocytic activity (40% phagocytosis index) was observed with cortisol at 0.1 mM for 8 h incubation.
Comparative Effects of Various Corticosteroids on Phagocytosis in Tilapia
Four hours of incubation between tested chemicals and leukocytes was selected to investigate the phagocytic index in the presence of the various compounds. Both cortisol and the glucocorticoid agonist dexamethasone had a significant effect on the suppression of phagocytosis (Fig. 3) . Dexamethasone is slightly more active than cortisol. Similar values and maximal ef-fects were observed in 1 M and 0.1 mM dexamethasone and 0.1 mM cortisol (Fig. 3 ). Cortisone and a mineralocorticoid, aldosterone, had very weak effects.
Comparative Effects of Various Sex Steroids and Thyroid Hormone on Phagocytosis in Tilapia
High doses (10 nM, 1 m, and 0.1 mM) of estradiol and ethynylestradiol but not estrone significantly inhibited phagocytosis (Fig. 4a) . All three compounds at a 10 nM dose, cortisol, estradiol and ethynylestradiol, started to show suppressive phagocytic activity (Figs.  3 and 4a) . The phagocytic indices were 60, 82, and 80% in treatments with 0.1 mM cortisol, estradiol, and ethynylestradiol, respectively (Fig. 4a) . The maximal suppressive action on phagocytosis of estrogenic compounds was detected at 1 M and 0.1 mM ethynylestradiol (Fig. 4a) . In contrast, there was no significant effect on phagocytosis with various concentrations of other gonadal steroids, progesterone, testosterone, and 11-ketotestosterone, nor of thyroid hormone, triiodothyronine (Fig. 4b) . 
Effects of Combined Treatments with Cortisol and Estradiol on Phagocytosis in Tilapia
The effects of combinations of different concentrations of estradiol and cortisol are shown in Fig. 5a . In the presence of an inactive dose of estradiol (0.1 nM), which is inactive alone, the suppressive action of cortisol on phagocytosis was enhanced. The maximal inhibitory effect corresponding to 60% is at a cortisol concentration of 1 M instead of 0.1 mM (Fig. 5a) . Furthermore, in the presence of a low dose of estradiol (10 nM), the effective dose of cortisol was significantly reduced (10 nM vs 1 pM), and its maximal inhibitory effect was enhanced (up to 40% versus 60% of the phagocytosis index) (Fig. 5a ). In comparison, no further suppression of phagocytosis was observed when testosterone was added to different concentrations of cortisol (Fig. 5b) .
Effects of Actinomycin D and Cycloheximide on Cortisol or Estradiol Suppression of Phagocytosis in Tilapia
Whether the suppressive effects of cortisol and estradiol could be reduced by inhibitors of transcription and translation was investigated. As shown in Fig. 6 , actinomycin D and cycloheximide blocked the suppressive effects of cortisol and estradiol in a dosedependent manner (Fig. 6 ).
Leukocyte Phagocytosis in Common Carp: Dose and Time Dependence of the Suppressive Effect of Cortisol
Only high doses of cortisol (1 M or 0.1 mM) over a long incubation period (6 or 8 h) significantly inhibited leukocyte phagocytosis in common carp (Fig. 7) .
Comparison with tilapia showed that leukocyte 
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phagocytosis in common carp was much less sensitive to cortisol inhibition (Fig. 8) . Therefore, further study of leukocyte phagocytosis in common carp was conducted for 8 h incubation.
Lack of Gonadal Steroid Effect on Phagocytosis in Common Carp
There were no inhibitory actions of various doses (1 pm, 0.01 nM, 10 nM, 1 M, and 0.1 mM) of estradiol, testosterone, and 11-ketotestosterone on leukocyte phagocytosis (Fig. 9a) . Estradiol also had no additive effects on the cortisol-inducing inhibition of phagocytosis (Fig. 9b) .
DISCUSSION
Phagocytes have a major role in the cellular immune responses of fish, especially in fighting against bacteria. The factors that are involved in fish for the regulation of phagocytosis remain to be established. Peripheral blood provides a more consistent and easily handled source for the collection of leukocytes compared to the anterior kidney or spleen. The detected sensitivity, repeatability, and easy handling of engulfed fluorescent intensity in the whole well by the fluorescent photometer in the present experiment was much better than observations from microscopy (in- specting 200 leukocytes for calculation of the phagocytosis index) (Narnaware et al., 1994 (Narnaware et al., , 1997 . The FITClatex beads are also better than yeast (Narnaware et al., 1994; Narnaware and Baker, 1996) or sheep red blood cells (Carlson et al., 1993; Calduch-Giner et al., 1997) because of ease of handling, preserving, and selecting of smaller particle sizes. After evaluating the ratio of latex beads per leukocyte, incubation time of latex beads and leukocytes, and quenching time, it is considered that peripheral blood leukocytes could provide a valuable tool for the first time in teleosts to study phagocytosis in a microtiter plate assay with FITC-latex beads.
The present data demonstrated that cortisol significantly inhibited leukocyte phagocytosis in tilapia, as in some other fish and other vertebrates. The inhibition depends on dosage and incubation time. Plasma cortisol levels are significantly elevated and could be 10 Ϫ7 M when animals are exposed to stressful environments and the elevated levels could last for several hours to days (Strange et al., 1977; Leach and Taylor, 1980; Sun et al., 1994) . Therefore, cortisol levels in leukocyte phagocytosis experiment in the present study were from physiological (10 Ϫ8 to 10 Ϫ7 M) to pharmacological (10 Ϫ6 and 10 Ϫ4 M) doses. Inhibitory effects on phagocytosis were consistently observed at various doses of cortisol in this experiment. Cortisol also reduced phagocyte ability to generate a chemiluminescence response in striped bass when exposed to bacteria or phorbol esters (Stave and Robertson, 1985) . A suppressive effect of cortisol on lipopolysaccharide mitogenesis was demonstrated in peripheral blood cells from Atlantic salmon in vitro (Espelid et al., 1996) . In contrast, cortisol at a low dose enhances phagocytosis in human (Kay and Czop, 1994) and bovine (Fox and Heald, 1981) . No effect of cortisol on phagocytosis was found in anterior kidney and spleen of rainbow trout (Narnaware et al., 1994) . In the present study, the responsiveness of leukocytes from two different teleost species, tilapia and common carp, were compared by using the same experimental conditions. Tilapia was much more susceptible to cortisol effects than the common carp. There are clearly species differences in the regulation of leukocyte phagocytosis in fish.
There are a few studies of gonadal steroid effects of nonspecific immunity in animals. In the present studies, estradiol and the estradiol pharmacological agonist ethynylestradiol significantly suppressed leukocyte phagocytosis in tilapia but only at higher doses (10 Ϫ8 , 10 Ϫ6 , and 10 Ϫ4 M). The amplitude of the suppressive effects was lower with estradiol than with cortisol. Other gonadal steroids, such as androgens (testosterone, 11-ketotestosterone) and progesterone, had no significant effects, indicating the estrogen specificity of the suppressive effects in tilapia.
In contrast to the suppressive effect of estradiol on phagocytosis in tilapia, gonadal steroids had no effects in common carp under similar experimental conditions. Inhibition by estradiol of nonspecific immunity occurs in some mammals, such as sow and porcine, but not in steers (Magnusson, 1991; Josefsson et al., 1992) . Testosterone can also suppress nonspecific immunity in chicken (Al-Afaleq and Homeida, 1998). Dihydrotestosterone strongly, but estradiol only weakly, inhibited splenic macrophage phagocytosis in wall lizards (Mondal and Rai, 1999) . In teleosts, estra-
FIG. 9.
The effects of (a) estradiol, testosterone, and 11-ketotestosterone (11-KT) (0 -0.1 mM each steroid) and (b) interaction of cortisol (0 -0.1 mM) and estradiol (E 2 , 1 M) on the phagocytosis index (%) in common carp leukocytes. Values represent means ϮSEM. An asterisk indicates a significant difference (P Ͻ 0.05) from the respective control (without steroid treatment).
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diol inhibits nonspecific immunity in goldfish (Wang and Belosevic, 1995) . Five or more days of incubation with testosterone was required to elicit significant in vitro immunosuppression in anterior kidney leukocytes in chinook salmon (Slater and Schreck, 1997) . Testosterone and cortisol administered in vitro together had a significantly greater inhibitory effect on antibody-producing cells than did either administered alone in chinook salmon (Slater and Schreck, 1993) . It is apparent that gonadal steroid effects on nonspecific immunity vary according to the type of steroid and the species of teleost.
In the present study, cortisol and estradiol had a potentiating effect on the suppression of phagocytosis in tilapia. High estradiol levels are found in female fish, especially during oocyte development (vitellogenesis) (Fostier et al., 1983) . The data might suggest that reproduction (increased sex steroids) and stress (increased cortisol) might have a profound interaction on immunity in fish during the spawning season, as also indicated in brown trout, S. trutta (Pickering, 1984) . This might explain the different resistance to disease infection between female and male fish and also seasonal effects. (Slater and Schreck, 1993 ). The present results, which showed no effect on leukocyte phagocytosis of the main steroid produced in male fish (aromatizable androgen, such as testosterone, nor nonaromatizable androgen, such as 11-ketotestosterone) may account for the lower susceptibility of males than females to disease infection in some species. The strong inhibitory effect on phagocytosis of the combination of cortisol and estradiol, as demonstrated in this study, may provide an endocrine bases for the high susceptibility to disease infection and the change of immune function at certain reproductive stages and/or in gender in human and animals (Roth et al., 1983; Schuurs and Verheul, 1990; Grossman et al., 1991; Mondal and Rai, 1999) . It is male fish that appear to be more susceptible to disease during sexual maturation in rainbow trout (Sumpter et al., 1987) . Reduction in the magnitude of the cortisol level in plasma to stress was observed in the mature male compared with immature rainbow trout (Pottinger et al., 1995) . Sexual dimorphism in the phagocytic activity of the wall lizard's splenic macrophages was detected because of sex steroid effects of dihydrotestosterone in males (Mondal and Rai, 1999) . The interaction between sex steroids and cortisol in the induction of immunosuppression should be further studied in vivo and in vitro in more species.
The present data also suggest that specific glucocorticoid receptors and estrogen receptors are responsible for the involvement of cortisol and estradiol actions in tilapia. Glucocorticoid receptors have been identified in the anterior kidney leukocytes in coho salmon (Maule and Schreck, 1990) . Further identification of glucocorticoid receptors and estrogen receptors in the peripheral blood leukocytes of tilapia is needed. Stimulation of gene expression and protein synthesis may mediate the action of cortisol and estradiol on leukocyte phagocytosis because actinomycin D and cycloheximide could block inhibitory actions. It has been shown that cortisol stimulated the production of a new protein (IB␣), and IB␣ hold NF-B in an inactive form to prevent the synthesis of cytokines (mediators for immune system) (Marx, 1995; McKay and Cidlowski, 1999) . It is possible that the pathway of estradiol action is similar to that of cortisol (McKay and Cidlowski, 1999) . However, not all the ligands that bound to the nuclear receptors would automatically suppress phagocytosis because testosterone, 11-ketotestosterone, progesterone, and triiodothyronine did not have any effect in tilapia. Another consideration is whether specific receptors for these steroids are present in tilapia leukocytes.
It is also interesting that the common carp is much more resistant to the inhibitory effects of steroids on phagocytosis than tilapia. There is about a 10 5 -to 10 6 -fold difference between tilapia and common carp in terms of cortisol concentrations to suppress a similar degree of phagocytosis. Estradiol also did not have any effects on phagocytosis in common carp. The data may suggest that the common carp is more resistant than tilapia when exposed to environmental stressors (low temperatures) or disease infections (Sun et al., 1994; Chen et al., 1995) . It is still unclear whether cyprinids in general are less sensitive to cortisol than other groups of fish (such as tilapia).
The affinity of glucocorticoid receptors is in the nanomolar range in the liver (K d of ϳ0.5 nM) of rainbow trout, O. mykiss (Pottinger, 1990) , leukocytes (K d of ϳ1.0 nm) of coho salmon, O. kisutch (Maule and Schreck, 1990) , and peripheral blood leukocytes (K d of 3.8 nM) of common carp . Tilapia peripheral leukocytes were very sensitive to cortisol concentrations as low as 1 pM (after 8 h incubation) in the present experiment. The detected binding affinity of receptors may not truly reflect the cortisol levels in physiological action. The binding affinity of the glucocorticoid receptor is apparently not different in fish. However, the present data demonstrated that carp leukocytes are less sensitive to steroids than are those of tilapia. The rationale for these differences between carp and tilapia is not clear. The binding sites of glucocorticoid receptors could be down-regulated by high levels of cortisol or stressors in rainbow trout (Pottinger, 1990) . Any difference in the basal and stressed levels of plasma cortisol in tilapia and common carp may contribute to the different sensitivity to steroids of these two species. Further investigation also could address the question of whether the differential effects of steroids on phagocytosis between tilapia and common carp are associated with differential expression of specific steroid receptors in leukocytes.
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